This study examines the properties of a titanium single crystal fabricated by the floating-zone-melting process in Ar gas flow atmosphere where the partial pressure of oxygen was maintained extremely low at P O2 ¼ $10 À23 atm by the newly developed oxygen pump system. The distribution of solute oxygen atoms in the obtained single crystal exhibited a peculiar gradient. In the early stage of the titanium single crystal growth, the oxygen content in the single crystal (approximately 1600 ppm) was higher than that in the mother ingot (980 ppm). However, as the crystal growth progressed, the oxygen content gradually decreases and then reduced to 660 ppm in the final stage of crystal growth. Such a gradient of oxygen composition was not detected in titanium single crystals fabricated under conventional, commercial Ar gas flow atmosphere. Owing to the unique gradient of oxygen content formed under extremely low oxygen partial pressure, the Vickers hardness of the single crystal decreased gradually along the crystal growth direction.
Introduction
The mechanical properties of metals, such as strength, ductility, and toughness, are strongly affected by interstitial atoms. In particular, titanium alloys are strongly affected by oxygen atoms. An oxygen atom can dissolve in the -Ti phase to approximately 8 at%, and it can dissolve in the -Ti phase to as many as approximately 33 at%; 1) thus, it has a significant influence on the mechanical properties of titanium alloys. Since such interstitial atoms can be regarded as infinity resources on earth, these can be effectively used in reducing cost of materials, substituting for rare-metals, and saving natural resources. Several researches have verified the phenomenological correlation between the number of interstitial atoms and the mechanical properties in titanium alloys. 2, 3) However, mechanisms that affect the properties of titanium alloys have not been sufficiently elucidated thus far. To elucidate them, the study used single crystals is strongly desired. For example, it was using single crystals that Naka et al. previously examined the relation between the mechanical properties of -Ti and the amount of impurities; further, they had revealed that the critical resolved shear stress (CRSS) for prism slip increases sharply with a rise in the concentration of impurities containing large amount of oxygen. 4) Additionally, they attributed the chemical interaction between the oxygen atom clusters and the dislocation cores of the mobile screw dislocations as the cause of the strong strengthening. However, very few studies have been conducted on the change in the mechanical properties of titanium alloys with a reduction in the impurity content, and to the best of our knowledge, there have been no studies conducted on the use of single crystals for the investigation of the properties of titanium alloys. This is because oxygen has a strong affinity for titanium and it is extremely difficult to separate the oxygen atoms from the titanium alloy.
Recently, some methods have been developed for reducing the oxygen concentration in titanium. These include deoxidation of titanium using calcium-halide flux, 5) electrorefining of titanium alloys, 6, 7) and an improved iodide process. 8) These methods have reportedly produced titanium ingots with extremely low oxygen content-lower than 100 ppm. However, it is not easy to obtain large ingots using these methods. Therefore, studies using single crystals with such low levels of oxygen have not been conducted thus far. We have been clarified the mechanical properties of several titanium alloys by using single crystals fabricated by the optical floating zone melting process (FZ process, hereafter). 9, 10) In the FZ process that we had previously carried out, the silica tube that seals the specimen was first evacuated by a rotary pump and a diffusion pump to about 6 Â 10 À8 atm. Then, crystal growth was carried under highpurity Ar gas atmosphere (>99:999 vol%). Consequently, we confirmed that titanium alloy single crystals containing almost the same number of oxygen atoms that initially existed in the mother ingot ($1000 ppm) were obtained.
Recently, Shirakawa et al. developed a new oxygen reduction pump system by using the solid electrolyte yttriastabilized zirconia (YSZ), which reduces the partial pressure of oxygen (P O 2 ) in the Ar flow gas to less than 10 À20 atm during the FZ process. 11) When titanium alloys are prepared under such an extremely low P O 2 in the FZ melting, it is expected to fabricate single crystal and simultaneously reduce and/or control oxygen content in the alloys. In this study, we attempted to grow single crystals under Ar gas with an extremely low P O 2 (lower than 10 À23 atm in inflow Ar gas); further, we examined the relation between the oxygen concentration and the mechanical properties of the titanium alloys.
Experimental Procedure
2.1 Growth of single crystal under extremely low oxygen partial pressure In this study, commercial titanium rods (JIS 2nd grade, 015 mm Â 150 mm) were used as the mother ingots. The nominal oxygen content in the rod was 980 mass ppm. Hereafter, the unit ''ppm'' will be used to denote ''mass ppm'', unless otherwise stated. The surface of the rod was ground and then polished using acetone and ethanol. Using the rod, a single crystal was grown by FZ method in a furnace (Canon Machinery SC2-MDH-11020) equipped with an oxygen reduction pump system developed by Shirakawa et al. Figure 1 shows the schematic illustration of the oxygen pump system for oxygen evacuation. Commercial highpurity Ar gas was circulated in this system through a YSZ tube. By applying a voltage at the outer and inner surfaces of the tube, the residual oxygen atoms in the Ar gas were eliminated from the system through the solid electrolyte (YSZ). The purified Ar gas with an extremely low P O 2 was introduced into the FZ furnace and returned to the oxygen pump system. During the process, the YSZ tube was heated to 873 K so that it could bring better performance as a solid electrolyte. The P O 2 of the influent Ar gas was maintained at approximately 4 Â 10 À24 atm during crystal growth by the oxygen pump system. The purified Ar gas with a total pressure of about 1 atm was circulated in the system at a flow rate of approximately 200 cc/min. The P O 2 value of the Ar gas was measured by the YSZ oxygen sensors fixed at the inlet and outlet of the oxygen pump system.
The growth of a single crystal in this low P O 2 atmosphere was initiated at a growth rate of 2.5 mm/h. After the crystal grew to about 45 mm in length, the growth rate was decreased to 0.5 mm/h; and the crystal was allowed to grow by another 35 mm in length. We examined the influence of the growth rate of this crystal on the oxygen concentration and the corresponding mechanical properties. After the single crystal was grown, it was gradually cooled to room temperature in the furnace for 40 h.
Evaluation of the properties of grown single crystals
A large plate (approximately 2 mm thick) was cut from the single crystal by electro-discharge machining. The plate was cut such that its surface was parallel to the growth direction, and the variation in properties depending on the position along the growth direction in the crystals was evaluated. The crystallographic orientation was determined by the X-ray back Laue diffraction method. The surface of the specimen was ground to remove the surface oxide, and then the solute oxygen concentration in the crystal was measured using inert gas fusion method. The variations in mechanical properties of the single crystal depending on the position were examined using the micro-Vickers hardness test at room temperature. The test was performed with a load of 200 gf held for 15 s. The indentation was conducted such that a side of the quadrangular pyramid of the indenter was parallel to the growth direction. The variation in hardness along the crystal growth direction was measured at 2 mm intervals. At each point, the hardness measurement was conducted five times along the line perpendicular to the crystal growth direction, and then the average of three of five data that excluded the minimum and maximum values was evaluated as the hardness value at the point.
In order to examine the influence of the atmosphere during the crystal growth process on the properties of the crystal, another single crystal was grown under a conventional Ar gas flow atmosphere. After evacuating the system to about 6 Â 10 À8 atm, a single crystal was grown using the same ingot under a commercial high-purity Ar gas flow atmosphere at a growth rate of 2.5 mm/h. The Ar gas was introduced in the system at a rate of 8 cc/min. The P O 2 of the Ar gas was $10 À6 atm. The solute oxygen concentration in the obtained crystal was compared to that in the crystal grown under extremely low P O 2 . Figure 2 shows the single crystal grown under extremely low P O 2 . A large crystal approximately 80 mm long and 15 mm in diameter was grown during the FZ process carried out over 100 h. At the initial stage of the crystal growth, a color change was observed on the surface of the crystal, indicating oxidation. However, in the later stages, there was no color change, indicating that there was no significant oxidation during the FZ process. The difference in the oxidation behavior depending on the growth stage may be attributed to the thermodynamical criterion of the formation of oxide depending on P O 2 , as described in section 4.3 in detail.
Results

Microstructure of single crystal grown under extremely low P O 2
Before the FZ melting process, the P O 2 in Ar flow gas at the inlet and outlet of the furnace was decreased to 8 Â 10 À28 atm and 1 Â 10 À26 atm, respectively, using the oxygen pump system shown in Fig. 1 . After the ingot started to melt, the P O 2 in the circulated Ar gas was increased rapidly; however, during the stable crystal growth, it was maintained at approximately 4 Â 10 À24 atm and 3 Â 10 À19 $7 Â 10 À22 atm at the inlet and outlet, respectively. Therefore, the obtained crystal was grown under a low P O 2 atmosphere (between 4 Â 10 À24 and 3 Â 10 À19 atm). Figure 3 shows a bright field image of the microstructure of the as-grown crystal. From the diffraction pattern analysis, the obtained crystal was confirmed to consist of the -Ti single phase with an hcp crystal structure. As seen in the figure, subgrain boundaries, which may be formed during the = phase transformation at high temperature, were frequently observed in the crystal.
From the single crystal that was obtained, a plate whose surface was parallel to the growth direction was cut by electro-discharge machining. In order to examine the variation in the solute oxygen concentration and the corresponding mechanical properties depending on the position of the crystal, the plate was further cut into eight pieces at 10 mm intervals along the growth direction, as shown in Fig. 2 . During the FZ process, the rate of crystal growth changed at the central position in region 5; the crystal grew at a rate of 2.5 mm/h and 0.5 mm/h in regions 1$4 and 6$8, respectively. Figure 4 shows the X-ray back Laue diffraction images taken at each region shown in Fig. 2 . The direction of observation is perpendicular to the crystal growth direction. The Laue patterns obtained at all regions were almost similar, indicating that the obtained crystal had a single crystalline form. However, in the detailed analysis of the crystal, it can be observed that the crystal orientation changes slightly depending on the position; a misorientation of 1$2 of was measured every 10 mm along the growth direction. The crystal orientation along the plate normal measured at the central part of each region is plotted in the stereograph shown in Fig. 4(i) . It was observed that the plate normal orientation was continuously rotated at around [0001] axis at each region. Consequently, approximately 9 of misorientation was confirmed between regions 1 and 8. This continuous rotation of the lattice may have occurred because of the introduction of subgrain boundaries resulting from the = phase transformation, as observed in Fig. 3 .
Solute oxygen concentration in single crystal grown
under extremely low P O 2 Figure 5 shows the variation in solute oxygen concentration at each region shown in Fig. 2 , measured by the inert gas fusion method. The oxygen concentration in the residual mother ingot used for crystal growth was also measured at the regions ''A'' and ''B'' in Fig. 2 . The regions A and B in the mother ingot are 8 mm and 60 mm apart from the final melt portion, respectively. In addition, the oxygen concentration in the as-received mother ingot was also measured as specimen ''C''. The oxygen concentration was about 980 ppm, which is in good agreement with the nominal value. Meanwhile, the oxygen concentration in the grown single crystal varied largely depending on the position at which it was measured. At regions 1 and 2, which represent the initial stages of the crystal growth, the oxygen concentration was about 1600 ppm. It is observed that the oxygen concentration in the single crystal is significantly higher than that in the mother ingot, even after the growth under extremely low P O 2 . However, the oxygen concentration decreased rapidly as the crystal growth progressed. In regions 6, 7, and 8, the oxygen concentration was less than 980 ppm; that is, the oxygen concentration was reduced compared to that in the mother ingot. At region 8, particularly, which represents the end of crystal growth, the oxygen concentration was approximately 660 ppm, which is 30% lower than that in the mother ingot. In this manner, we obtained a titanium single crystal in which the oxygen concentration was gradiently-controlled by the FZ process under extremely low P O 2 . Interestingly, a change in the oxygen concentration was also observed in the residual mother ingot used for the crystal growth. As shown in Fig. 5 , in region A, which is 8 mm away from the melt region, did not undergo melting during the FZ process, the oxygen concentration increased to approximately 1300 ppm. However, in region B, which is 60 mm away from the melt region, the oxygen concentration was approximately 1040 ppm; this concentration was almost the same as that in the as-received ingot. These results imply that under extremely low P O 2 , the oxygen atoms that existed in the melt and/or in the ingot at high temperatures were discharged to the low-temperature- Oxygen
bulk region during the FZ process. The mechanism for the formation of the peculiar oxygen concentration gradient in the single crystal will be discussed in section 4 from the viewpoint of thermodynamics.
3.3 Solute oxygen concentration in crystal grown under conventional Ar gas flow atmosphere The gradient distribution of oxygen atoms in a titanium single crystal is assumed to be formed uniquely due to its growth under extremely low P O 2 . In order to prove this, we fabricated another single crystal under the conventional, commercial Ar gas flow atmosphere using the same mother ingot; further, the solute oxygen concentration in it was examined. The result is shown in Fig. 6 . Although a slight increase and decrease in oxygen concentration was observed in regions 1 and 8, respectively, the distribution of oxygen atoms in the single crystal was observed to be more homogeneous than that in the crystal grown under extremely low P O 2 , as shown in Fig. 5 . In addition, no variations in oxygen concentration were observed between regions A and B of the residual mother ingot. These results demonstrate that the gradient distribution of oxygen concentration accompanied by a large decrease in the concentration toward the end of crystal growth is a peculiar phenomenon that occurs during crystal growth under extremely low P O 2 .
3.4 Mechanical properties of titanium single crystal with gradient distribution of oxygen Mechanical properties of the single crystal were examined using the micro-Vickers hardness test at room temperature. The hardness was measured at 2 mm intervals along the crystal's growth direction. The obtained result is shown in Fig. 7 . Significant variations in the hardness were observed depending on where the measurements were carried out in the crystal. At the bottom of the crystal, which is the starting point of crystal growth, the hardness was approximately 230 Hv; this value is significantly higher than that of the asreceived ingot ($150 Hv, as the average value at ten times of measurements). However, the value was observed to continuously decrease along the growth direction, finally nearing approximately 115 Hv at the end portion of the grown crystal (region 8). The significant difference in hardness is assumed to be a result of the variation in the distribution of oxygen content in the crystal. The relation between the Vickers hardness and the oxygen concentration in -Ti crystal has been examined by some researchers using polycrystals. 12, 13) For example, Ouchi et al. reported hardness values of -Ti crystal of $140 Hv at 830 ppm oxygen and $110 Hv at 350 ppm oxygen, respectively. 13) Thus the Vickers hardness obtained in this study is in good agreement with the value reported by Ouchi et al. This result demonstrates that an oxygen concentration gradient was continuously introduced in the obtained single crystal. In this study, the crystal growth rate changed from 2.5 to 0.5 mm/h at the position where the crystal grew 45 mm long from the base (in region 5). However, the irregular variation in hardness was not observed close to region 5 in the crystal, as shown in Fig. 7 . This suggests that the change in growth rate does not largely affect the variation in oxygen concentration profile, at least in the range of the growth rate conducted in this study.
Discussions
4.1 Change in distribution of solute oxygen content in titanium single crystals depending on growth atmosphere In this study, we observed that a titanium single crystal grown under extremely low P O 2 exhibits the two following characteristic features:
(1) The solute oxygen concentration in the crystal shows a gradient decrease along the crystal growth direction. (2) At the end of the crystal growth, the absolute value of the solute oxygen content is significantly lower than that in the mother ingot. In addition, the oxygen content shows a large increase in the region just above the melt portion in the residual mother ingot used for the crystal growth. The so-called ''zone refinement'' phenomenon may be suspected as the origin of the formation of the oxygen concentration gradient. The Ti-O phase diagram 1) shows that the equilibrium distribution coefficient of oxygen k 0 (¼ C s =C l ) in titanium is greater than unity. Therefore, zone melting is capable of decreasing the oxygen concentration in titanium. However, if the present results on the formation of the concentration gradient of oxygen were due to the effect of the zone melting, the same concentration gradient must be formed in the crystal grown under the conventional Ar gas flow atmosphere also. In reality, the distribution of the oxygen content varied considerably depending on the P O 2 in Ar gas, as shown in Figs. 5 and 6. While the mechanism of zone melting might be responsible for the slight increase and decrease in the oxygen contents observed at both edges of the crystal grown under the conventional Ar gas flow atmosphere, it is not the main reason for the formation of the concentration gradient of oxygen.
Solute oxygen in titanium equilibrated with O 2 gas
In this section, we discuss the origin of the concentration gradient of oxygen in titanium from the viewpoints of equilibrium thermodynamics between the O 2 gas with extremely low partial pressure and solute oxygen atoms in titanium. The equilibrium concentration of solute oxygen in titanium at a given partial oxygen pressure is varied with temperature. The standard Gibbs energies for the dissolved reaction of O 2 gas into molten Ti or solid Ti have been reported by some researchers, as summarized in Ref. 14) . As the representation of the research data, the following equations can be derived:
For molten Ti:
For solid Ti: Assuming that the solute oxygen in titanium obeys Henry's law, using the above standard Gibbs free energies ÁG 0 , the solute oxygen concentration (C O [mass%]) in titanium can correlate to the partial oxygen pressure in the surrounding atmosphere (P O 2 [atm]) using the following equation:
where R and T indicate the gas constant and absolute temperature [K], respectively. The temperature region that we want to discuss in this study is approximately 1941 Kthe melting point of titanium-but unfortunately, there are no reports on thermodynamical data around this temperature. Therefore, in this study, we hypothecated that eq. (2) could be applied at approximately 1941 K. Further, eq. (5) calculates the variation in the equilibrium concentration of solute oxygen in molten titanium with temperature under an atmosphere where P O 2 ¼ 1 Â 10 À22 atm, (which is approximately the controlled partial pressure in the present study). The result is shown in Fig. 8 . It can be observed that the solute oxygen concentration equilibrated with the O 2 gas at
À22 atm is as low as approximately 710 ppm at the melting point of titanium. This is comparable to the value measured at the end portion of the crystal in the present study (660 ppm in region 8). Since various researchers have obtained different values (obtained over a wide range) for the standard Gibbs free energy for eqs. (1) and (3), the quantitative reliability of the absolute value is yet to be ascertained. However, from the above calculation it is certain that the crystal growth under extremely low P O 2 has a potential to decrease the equilibrium solute oxygen concentration in titanium. In fact, the present study confirmed a large decrease in the oxygen content at the final portion of the crystal. Meanwhile, the calculation results show that a situation where the equilibrium oxygen concentration in titanium becomes lower than 1000 ppm is achieved only at very high temperatures (>1900 K), even under an extremely low oxygen partial pressure of 1 Â 10 À22 atm. A similar relation is obtained in the dissolved reaction of O 2 gas into solid titanium; this relation can be easily obtained by substituting the value of ÁG 0 from eq. (4) in eq. (5) . From the thermodynamical calculations it was found that the solute oxygen concentration in the mother ingot ($980 ppm) exceeded the equilibrium value in the molten region during the FZ process under extreme low P O 2 . Therefore, the saturated oxygen atoms would be discharged from the melt. In this study, the variation in P O 2 in the circulated Ar gas was measured using the YSZ sensor during the crystal growth. The measured P O 2 at the outlet of the furnace was approximately 3 Â 10 À19 $7 Â 10 À22 atm; this is not much higher than the value at the inlet (P O 2 ¼ 4 Â 10 À24 atm). This indicates that there must exist another route for the exhaustion of oxygen atoms from the melt besides the formation of O 2 gas to the surrounding Ar atmosphere. In order to elaborate on the mechanism mentioned, we assume the diffusion of oxygen atoms in solid titanium (diffusion into the grown single crystal) from a high-temperature region to a low-temperature region, since the equilibrium solute oxygen concentration increases with a decrease in temperature. If such a process occurs, the excess oxygen atoms exhausted from the melt get continuously accumulated along the region where solidification occurred, and thereby the gradient of the oxygen concentration will be finally formed along the crystal growth direction. In this case, the lowest oxygen concentration can be found at the end portion of the crystal growth, and instead the increase in oxygen concentration will be observed also in the residual mother ingot, due to the discharge of oxygen atoms from the melt. Thus, the solidstate diffusion of oxygen atoms from a high-temperature region to a low-temperature region can satisfactorily explain several phenomena observed in the present study. In addition, in this case the formation of oxide is expected at the bottom of the single crystal as shown in Fig. 2 even under extremely low P O 2 , due to the large decrease in temperature, as is discussed in detail in the following section.
4.3 Solute oxygen in titanium equilibrated with titanium oxide As described in the previous section, in the FZ melting process, the temperature gradient in the titanium single crystal is mainly responsible for the formation of concentration gradient of oxygen, since the temperature gradient induces the difference of the chemical potential of solute oxygen atoms depending on temperature. When we consider only the equilibrium between the solute oxygen in titanium and O 2 gas, in principle, the driving force described above exists not only in the crystal grown under extremely low P O 2 but also in all the crystals independent of the partial oxygen pressure. In reality, however, the solute oxygen in titanium does not directly equilibrate with the O 2 gas, but the formation of Ti oxide is thermodynamically expected to occur in an atmosphere where the P O 2 is higher than 10 À20 atm, 14) even at high temperatures around the melting point. In other words, the oxygen concentration in titanium is controlled not by the equilibrium reaction between the titanium and O 2 gas but by the reaction between the titanium and titanium oxide under an oxygen partial pressure higher than $10 À20 atm. Some kinds of oxides with different valence number can be formed on the surface of titanium. In this discussion, the formation of TiO-which is stably formed at the lowest P O 2 among the Ti oxides-is considered to occur as follows: The variation in standard Gibbs energy in eq. (6) , that is, the standard free energy of the formation for TiO(s, -phase) was estimated to be 363.6 KJ/mol at 1941 K. 17) From this value, the oxygen partial pressure where the Ti(l) is equilibrated with TiO(s) is approximately 3 Â 10 À20 atm. Therefore, oxides such as TiO must be formed on the surface of titanium during the FZ process under the conventional highpurity Ar flow atmosphere (P O 2 % 10 À6 atm). The equilibrium solute oxygen concentration in titanium in the coexistence of TiO(s) can be determined by eq. (7), that was formed by combining eqs. (1) and (6) .
Assuming that the activity of Ti(l) and TiO(s) is equal to unity, the equilibrium solute oxygen concentration in Ti(l) under the coexistence of TiO(s) can be estimated approximately 1.2 mass% (12000 ppm) at 1941 K. Since this value is much higher than the initial solute oxygen content in the as-received mother ingot, the discharge of oxygen from the melt would not occur. This difference may be responsible for the different distribution of the solute oxygen concentration in the crystal grown under extremely low P O 2 and the crystal grown under the conventional Ar flow atmosphere. However, there remain some concerns which should be further considered such that the correlation between the kinetics of the formation of oxide and the rate of dissolution of oxide into titanium and queries about whether the equilibrium between the titanium and Ti oxide is really achieved during the FZ process.
In this study, we clarified that the growth of titanium single crystal with a concentration gradient of oxygen can be achieved under extremely low P O 2 . We expect that this unique single crystal will throw some light on the relations between the solute oxygen concentration and various fundamental properties of titanium alloys. Recently, further improvements to the oxygen pump system were reported to have been made (Redoxyon ROX500). This improved system can produce a large amount of Ar gas flow (5000 cc/min) in which the P O 2 is less than 10 À30 atm. By using this system, it is expected to obtain titanium single crystals with a larger oxygen concentration gradient accompanied by a significant decrease in oxygen content at the end region of the crystal.
Conclusion
(1) In the FZ melting of pure titanium under extremely low P O 2 , a single crystal in which the solute oxygen concentration shows a gradient decrease along the crystal growth direction can be obtained. The absolute value of the solute oxygen content in the single crystal exhibits a significant reduction compared to that in the mother ingot at the end portion of the obtained crystal.
(2) The distribution of the oxygen content was fairly homogeneous in the single crystal grown under a conventional, commercial high-purity Ar gas flow atmosphere. The formation of the oxygen concentration gradient in the titanium crystal is, namely, a unique phenomenon that occurs during the crystal growth under extremely low P O 2 . (3) Vickers hardness of the single crystal grown under extremely low P O 2 shows a continuous decrease along the crystal growth direction. This tendency is in good agreement with the concentration gradient of oxygen measured in the crystal.
